The complement-like protein thioester-containing protein 1 (TEP1) is a key factor in the immune 13 response of the malaria vector Anopheles gambiae to pathogens. Multiple allelic variants of 14 TEP1 have been identified in laboratory strains and in the field, and are correlated with distinct 15 immunophenotypes. TEP1 is tightly regulated by conformational changes induced by cleavage 16 in a protease-sensitive region. Cleaved TEP1 forms a soluble complex with a heterodimer of 17 two leucine-rich repeat proteins, LRIM1 and APL1C, and precipitates in the absence of this 18 complex. The molecular structure and oligomeric state of the TEP1/LRIM1/APL1C complex is 19 unclear. We have analyzed the stability of the cleaved form of four TEP1 alleles. Soluble TEP1 20 forms exhibit significant variation in stability from hours to days at room temperature. Stability is 21 correlated with allelic variation within two specific loops in direct proximity to the thioester bond.
of the TED-MG8 interface stabilizes the cleaved form of TEP1 for months at room temperature.
25
The C-terminal coiled-coil domain of the LRIM1/APL1C complex is sufficient to stabilize the 26 cleaved form of TEP1 in solution but cleaved forms of disulfide-stabilized TEP1 do not interact 27 with LRIM1/APL1C. This implies that formation of the TEP1 cut /LRIM1/APL1C complex is 28 dependent on the same conformational change that induces the precipitation of cleaved TEP1.
29
Author Summary
30
The mosquito Anopheles gambiae is the principal vector for malaria in Sub-Saharan Africa. A 31 mosquito's own immune system affects how readily it transmits disease. A protein in A. gambiae 32 called TEP1 is responsible for targeting malaria parasites that traverse the mosquito's midgut.
33
TEP1 has multiple alleles and some are associated with a stronger immune response to malaria 34 than others. How genetic variability in TEP1 is linked to phenotypic diversity is not understood. 35 We show that the variation between TEP1 alleles affects the stability of the protein in solution. 36 We also show that the different TEP1 alleles have a wide range in stability of the protein, from 37 hours to days. Engineering disulfide bonds into TEP1 can increase this stability to months.
38
TEP1 activity in vivo is maintained by a complex of two leucine-rich proteins called LRIM1 and 39 APL1C, which binds TEP1 through its C-terminal coiled-coil domain. We found that 40 LRIM1/APL1C does not bind disulfide-stabilized TEP1, suggesting that LRIM1/APL1C binds to 41 activated TEP1. This research advances our molecular understanding of a key immune 3 44
Introduction

45
The mosquito Anopheles gambiae is the principal malaria vector in Sub-Saharan Africa. The 46 immune response of A. gambiae is a significant factor influencing the vectoral capacity of mosquitoes to malaria parasites (genus Plasmodium). Plasmodium ookinetes invade and 48 traverse the midgut epithelium, whereupon they face a robust complement-like immune 49 response [1] . The complement-like factor thioester-containing protein 1 (TEP1) binds to the 50 surface of Plasmodium ookinetes. TEP1-labeled ookinetes are targeted for killing by lysis and in 51 some strains subsequent melanization. 
91
We previously reported that TEP1*S1 cut has a half-life of thioester hydrolysis t 1/2 = 8.5 h, while 92 TEP1*R1 cut has a half-life of thioester hydrolysis t 1/2 = 6.5 days [8] . Replacing the TED of 93 TEP1*R1 with that of TEP1*S1 reduced the half-life of thioester hydrolysis to almost the same 5 94 as full-length TEP1*S cut , t 1/2 = 12 h. This suggests that variation between TEP1 alleles within the 95 thioester domain, specifically two hypervariable loops known as the pre-α4 and catalytic loop, 96 respectively, contribute significantly to the stability of TEP1 cut . Both alleles bind LRIM1/APL1C 97 on a timescale consistent with their half-life for thioester hydrolysis.
98
Here we compared additional alleles and by mutation analysis identify specific residues within 99 the loops of the TED that impact TEP1 stability. We further demonstrate that the coiled-coil 100 domain of LRIM1/APL1C is sufficient to stabilize TEP1 cut in solution. Finally, we show that 101 engineered disulfides within the TED-CUB-MG8 superdomain can stabilize TEP1 cut similar to 102 LRIM1/APL1C. These results suggest that the formation of the TEP1 cut /LRIM1/APL1C complex 103 requires a conformational change involving dissociation of the TED-MG8 interface, the same 104 conformational change that leads to thioester hydrolysis and precipitation of TEP1cut in the 105 absence of LRIM1/APL1C.
Results
107
Rate of thioester hydrolysis for TEP1 alleles 108 Polymorphisms between TEP1*R1 and TEP1*S1 are concentrated within and adjacent to the 109 TED, and specifically in three hypervariable loops within the TEP. Two of these loops, the 110 catalytic loop and the pre-α4 loop, are in close proximity to the thioester bond and form part of 111 the TED-MG8 interface. The third loop, the b-hairpin loop, lies on the opposite side of the TED, 112 surface-accessible and near the TED-MG8 interface. We previously showed that a chimeric 113 protein replacing the TED of TEP1*R1 with TEP1*S1 had the same stability as TEP1*S1, but 114 this does not determine which of the three loops are responsible for this variable stability. identical to TEP1*S1 and TEP1*R1, respectively, within the TED (Fig. 1 ). The most notable 117 difference between TEP1*S1 and TEP1*S2 is that the TEP1*S2 β-hairpin motif is identical to 6 118 TEP1*R1 and TEP1*R2. Hence we used TEP1*S2 to test whether the R1/R2 β-hairpin motif has 119 a stabilizing effect on TEP1 cut .
120
We produced TEP1*S2, performed limited proteolysis and measured the half-life of thioester 121 hydrolysis in three independent experiments (Table 1) . We observed that TEP1*S2 cut had a half-122 life of thioester hydrolysis t 1/2 = 4.2 ± 0.2 h, half that of TEP1*S1 cut t 1/2 = 8.5 ± 0.2 h. Hence, the 123 β-hairpin motif is not responsible for the stabilization of TEP1*R1 relative to TEP1*S1, 124 consistent with its location opposite the thioester bond and the TED-MG8 interface [8, 15] .
125
TEP1*R2 is a chimeric form whose N-terminal fragment is similar to S1/S2, while the C-terminal 126 fragment is almost identical to TEP1*R1 except for a single residue in the TED pre-α4 loop, 127 TEP1*R1 Asn 919, which is glycine in TEP1*R2, TEP1*S1 and TEP1*S2. To test whether the 128 R1 mutation G919N has a stabilizing effect on TEP1 cut , we produced TEP1*R2, performed 129 limited proteolysis and measured the half-life of thioester hydrolysis. We observed that 130 TEP1*R2 cut had a half-life of thioester hydrolysis t 1/2 = 9.6 ± 0.4 h, comparable to that of 131 TEP1*S1 cut , and 16 times less than that of TEP1*R1 cut t 1/2 = 156 ± 12 h. This suggests that the 132 differences between TEP1*R1 and TEP1*R2, specifically the point mutation N919G, have a 133 significant effect on TEP1 cut stability.
134
To confirm the role of Asn 919, we made the point mutation N919G in TEP1*R1 and measured 135 the stability of TEP1*R1-N919G cut . This single mutation reduced the half-life of thioester 136 hydrolysis three times, TEP1*R1-N919G cut t 1/2 = 55 ± 10 h. The differences between TEP1*R1-137 N919G cut and TEP1*R2 that contribute to further destabilization of TEP1*R2 cut lie outside of the 138 TED and MG8 domains. The closest TEP1*R2 mutations relative to TEP1*R1 (i.e. conserved 139 with TEP1*S1, TEP1*S2) are H811Y and S828N in the CUB domain.
140
The catalytic loop is the third hypervariable loop in the TEP1 TED, and is in direct proximity to 141 the thioester bond. That catalytic loop is hypervariable between TEP1*S1/TEP1*S2 and 142 TEP1*R1/TEP1*R2, hence we expected it to directly impact the stability of TEP1 cut . We 7 143 therefore made the mutation TEP1*R1-S1 cat , substituting residues 966-971 from KAGAEY in 144 TEP1*R1 to ETGKVW. The cleaved form of TEP1*R1-S1 cat has a half-life of thioester hydrolysis 145 t 1/2 = 9.1 ± 1.9 h, comparable to that of full-length TEP1*S1. Hence the catalytic loop alone is 146 sufficient to explain the destabilization of TEP1*S1 cut relative to TEP1*R1. Put another way, the 147 unusual stability of TEP1*R1 compared to TEP1*S1, TEP1*S2 and TEP1*R2 is the result of 148 specific mutations in both the pre-α4 and the catalytic loop with some contribution of TEP1*R1-149 specific mutations outside the TED-MG8 domains. 
159
Guided by the crystal structure of TEP1*S1, we identified residues at the TED-MG8 and TED-160 CUB interfaces where mutation to cysteine would generate a disulfide bond with minimal 161 perturbation of the structure [8]. We generated three disulfide mutants of TEP1*S1, varying the 162 location of the disulfide between the TED and CUB/MG8 domains ( Fig. 2A) . First, we joined TED 163 residue K973 within the catalytic loop to residue Q1228 in the MG8 domain (K973C/Q1228C).
164
This had the effect of increasing the half-life for thioester hydrolysis to t 1/2 = 4.0 days (Fig. 2B) . to bind cleaved TEP1. In this study however, TEP1 cut was produced by co-expression of separate 182 N-and C-terminal fragments. As the structure of the TEP1 MG6 domain is formed by the 183 intertwining of both N-and C-terminal fragments; co-expressing both fragments separately may 184 result in misfolding of TEP1.
185
We therefore sought to test two hypotheses, (i) that LRIM1/APL1C binding is associated with 186 conformational change of the TED-MG8-CUB superdomain by exploiting our disulfide-stabilized 187 mutants, and (ii) that the coiled-coil domain of LRIM1/APL1C is sufficient to stabilize TEP1 cut .
188
First, we examined the ability of engineered disulfide mutants of TEP1*S1 to bind the LRIM1-189 FLAG/APL1C-Δ26-130-6xHis construct previously found to stabilize TEP1*S1 [8, 9] . Then, to 
194
Despite the dramatically increased stability of the disulfide-engineered TEP1*S1 mutants, none 195 were stabilized by or co-immunoprecipitated with LRIM1-FLAG/APL1C-Δ26-130-6xHis (Fig. 3B ).
196
Wild-type TEP1*S1 cut does not IP with αFLAG immediately following cleavage. Neither full-length 197 or cleaved TEP1*S1-K969C/Y1275C co-immunoprecipitated with LRIM1-FLAG/APL1C-Δ26-130-198 6xHis seven days post-cleavage. Three months (100 days) later, the result of TEP1*S1-199 K969C/Y1275C αFLAG co-IP with LRIM1-FLAG/APL1C-Δ26-130-6xHis was unchanged (data 200 not shown).
201
We then tested whether the coiled-coil domain of LRIM1/APL1C was sufficient to prevent the 202 precipitation of TEP1 cut . When incubated with a mixture of TEP1*S1 and TEP1*S1 cut , both 203 LRIM1/APL1C-CC1 and LRIM1/APL1C-CC2 were able to stabilize TEP1*S1 cut in solution ( inter-related properties complicate understanding the molecular mechanism of TEP1.
214
We previously reported a significant difference in stability for the cleaved alleles of TEP1*S1 and 215 
228
An open question is whether the conformational change in TEP1 cut that permits LRIM1/APL1C 229 binding is separable from that which induces thioester hydrolysis and precipitation. We sought to 230 address this by engineering specific disulfide bonds between domains. We were able to stabilize 231 TEP1*S1 cut for months with engineered disulfides from the TED to either the MG8 or CUB, but in 232 neither case did the cleaved protein interact with LRIM1/APL1C. Hence, it appears the same 233 conformation involving separation of the TED from CUB and MG8 is responsible for both 234 LRIM1/APL1C binding and TEP1 aggregation and precipitation.
235 Figure 4 illustrates the location of the three engineered disulfides to the TED-MG8 interface and 236 the thioester bond. The first disulfide replaces K793 directly adjacent to the catalytic histidine of 237 the TED catalytic loop and Q1228 at the top of the MG8 loop in the center of the interface near 238 M1231, which directly abuts the thioester. Interestingly, this was the least stabilizing disulfide, less 239 stable than TEP1*R1, suggesting that securing the catalytic loop to the top of the TED-MG8 240 interface does not prevent the interface from separating beneath it, possibly due to perturbation 241 of the domains MG2 and MG6 that lie below. In comparison, the disulfide replacing K969 in the 11 242 catalytic loop andY1275, one of the aromatic residues that ring the thioester bond, is indefinitely 243 stabilizing.
244 Surprisingly, the third disulfide engineered between TED V1102 and CUB M801 is a highly 245 stabilizing mutant even though it does not involve the TED-MG8 interface. In the conversion of 246 complement C3 to C3b and C5 to C5b, the CUB domain undergoes a large motion along with the 247 TED, hence locking the relative position of these domains may equally serve to prevent separation 248 of the TED-MG8 interface.
249
In vertebrate complement factors the anaphylatoxin domain serves as a molecular wedge 250 between the MG3 and MG8 domain, and we had speculated that LRIM1/APL1C might form an 
258
The LRIM1/APL1C heterodimer has long been known to stabilize TEP1 cut , and it has been shown 259 that the LRR domains alone or as heterodimers with deletions in the coiled-coil domain are 260 insufficient to stabilize TEP1 cut [9, 16] . Here, we specifically purified heterodimers of only the 261 coiled-coil domains of LRIM1/APL1C and show they are sufficient to stabilize TEP1*S1 cut , 262 confirming that the coiled-coil domain is both necessary and sufficient to stabilize TEP1 cut . This is 263 significant because the coiled-coil domain is shared among the related genes APL1A 1 and 264 APL1B, which also form a complex with LRIM1 [17]. As presently stands, the inability to isolate a stable complex of TEP1 cut and LRIM1/APL1C in 266 solution prevents structural studies that require a homogeneous and monodisperse sample.
267
Additional engineering to solubilize TEP1 cut or prevent its aggregation, the identification of 268 orthologs or paralogs for the TEP1 cut /LRIM1/APL1C complex, or approaches for the analysis of 269 heterogeneous specimens are necessary to define the molecular basis of LRIM1/APL1C 270 regulation of TEP1 activation.
271
Materials and Methods
272
Molecular cloning 273 DNA for TEP1*R1 and TEP1*S1 was obtained from cDNA clones or by total gene synthesis as 274 previously described [8, 15] . DNA for TEP1*R2 and TEP1*S2 were generated by total gene 275 synthesis from sequences in the 4arr laboratory strain [11] . All TEP1 sequences were 276 subcloned into pFastbac1 with a C-terminal 6×His tag. Additional mutations within the thioester 277 domain were introduced by QuickChange site-directed mutagenesis (Stratagene). LRIM1 and 278 APL1C were subcloned into the pFastbac-Dual vector with C-terminal 6×His tag on APL1C.
279
Construction of LRIM1-FLAG/APL1C-D26-130-6xHis has been previously described [8, 9] .
280
Truncations of the LRR and coiled-coil domains were introduced by site-directed mutagenesis. 4.2 ± 0.2 *S1 8.5 ± 0.2 *R2 9.6 ± 0.4 *R1 156 ± 12 *R1 S1 cat 9 ± 2 *R1 N919G 55 ± 10 Rate of thioester hydroylsis for cleaved forms of TEP1*S1, TEP1*R1, and three engineered 406 disulfide mutants of TEP1*S1. 
